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ABSTRACT Carbonated hydroxyapatite (CHA)-coated titanium can find wide applications as bone substitute implant in bone and
dental surgery and orthopedics, promoting osseointegration with a host bone and ensuring biocompatibility and bioactivity. In this
work, carbonated hydroxyapatite films were prepared on titanium substrates by pulsed laser deposition at different substrate
temperatures ranging from 30 to 750 °C. The properties of films were investigated by scanning electron microscopy, atomic force
microscopy, energy-dispersive X-ray diffraction, and Fourier transform infrared spectroscopy. Vickers microhardness measurements
of the composite film-substrate systems were performed, and the intrinsic hardness of films was separated from the composite
hardness using a “law-of-mixtures” approach and taking into account the indentation size effect. The prepared CHA films are nearly
stoichiometric with a Ca/P atomic ratio of 2.0-2.2. The films deposited in the 30-500 °C temperature range are about 9 µm thick,
amorphous, having an average roughness of 60 nm. At higher temperature, 700-750 °C, the films are about 4 µm thick, show a
finer surface morphology and an average roughness of 20 nm. At 750 °C the films are amorphous, whereas at 700 °C they are
crystalline and textured along the (202) and (212) directions. The intrinsic hardness of the films increased with an increase in substrate
temperature, being as low as 5 GPa at 30 °C and reaching a high value of 28 GPa at 700 °C. The rich information gained by the joint
use of the mentioned techniques allowed a comprehensive characterization of this system.
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1. INTRODUCTION

Titanium and titanium-based alloys are widely used in
clinical practice as implant orthopedic materials (1-5).
However, titanium is a relatively soft material, which

can oxidize under the pH conditions of human body fluids
that surround orthopedic and tooth implants (1, 6). Modifi-
cation of titanium surface by various coatings, providing
biocompatibility, protection against oxidation, enhanced
corrosion resistance, and hardness, and therefore, superior
wear resistance of the implant could be performed. Calcium
phosphates are widely used for implant coatings in biomedi-
cal applications (7, 8). A calcium phosphate belonging to the
group of biocompatible and bioactive ceramics, hydroxya-
patite, is the main constituent of the mineral component of

the natural bone and teeth. However, biological apatite is
nonstoichiometric and contains between 2.3 and 8.0 wt %
carbonate (9, 10). Therefore, the key target of biomaterials
research is the preparation of synthetic bone-substitute
ceramics that closely resembles the chemical composition
of hard tissue. Carbonate-substituted hydroxyapatite is char-
acterized by increased solubility and improved bioactivity
compared to hydroxyapatite (HA) (11 -15).

A number of methods have been reported in the literature
for calcium phosphate coatings deposition, among them
plasma-spraying (16, 17), sol-gel technology (18), ion-beam
deposition (19), molecular precursor method (20), and
pulsed laser deposition (21-28). In this study, we applied
the latter versatile technique, referred to as PLD, which
exhibits some advantages such as preservation of the stoi-
chiometry of target material; control of the adherence,
crystallinity, and surface roughness; reduced pollution of the
deposited films; possibility of ablation from various target
materials; and fabrication of coatings on any substrate
material, e.g., metal, ceramic, and plastic.

The aim of the present work was to systematically study
the structural, chemical and morphological quality of pulsed
laser deposited CHA films on titanium substrates as a
function of the deposition temperature. This information is
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necessary because biological behavior of coated metallic
implants strongly depends on the coating morphology and
microstructure. The films morphology, along with their
surface topography, were investigated by the scanning
electron microscopy (SEM) coupled with a system for mi-
croanalysis (energy-dispersive x-ray spectroscopy (EDXRS))
and the atomic force microscopy (AFM). Conversely, the
samples microstructure was studied by the energy-disper-
sive X-ray diffraction (EDXRD) method. In addition, the
molecular structure of the films was investigated by Fourier
transform infrared spectroscopy (FTIR). Finally, for the
mechanical properties characterization, Vickers microhard-
ness measurements of CHA films on titanium substrates
were carried out, and the intrinsic hardness of the films was
evaluated using the “law-of mixtures” approach.

2. EXPERIMENTAL SECTION
2.1.Materials. Carbonate-substituted hydroxyapatite was

synthesized according to reaction 1 between calcium oxide,
ammonium hydrogen phosphate, and ammonium carbonate

Analytical-grade initial reagents were mixed in equimolar ratio
(28 g of CaO, 39.6 g of (NH4)2HPO4, and 4.8 g of (NH4)2CO3) in
a planetary ball mill for 30 min. After that, 300 mL of H2O was
added to the mixture, and the mixing procedure was continued
for another 30 min. The mixture was then placed in a domestic
microwave oven (Electronica, 2.45 GHz, 630W) for 40 min. The
reaction product, white powder, was then subjected to the heat
treatment at 300 °C in an air atmosphere furnace.

To reduce the sintering temperature and prevent the CHA
decomposition, we added up to 8 wt % alkaline/alkaline-earth
carbonates to the CHA powder prior to disk-target preparation.
CHA disk-target of 20 mm diameter and 4 mm thickness was
uniaxially pressed at 100 MPa pressure at room temperature
and further sintered at 750 °C for 1 h in the air.

Pure titanium substrates were sandblasted by a 60-grid SiC
abrasive to provide surface roughness of approximately 7 nm.

2.2. Methods. 2.2.1. Chemical Analysis. Chemical analysis
of carbon content was performed on the CHA targets according
to the Russian Standard GOST procedure, measuring the volume
of gas, produced by the reaction between sample and hydro-
chloric acid. The carbon content in the prepared target was 1.6
( 0.2 wt %, which corresponds to 7.6 wt % carbonate groups.
The Ca/P atomic ratio was 1.74. It is higher than that in
stoichiometric HA (1.67), which points to the partial replace-
ment of phosphate groups by carbonate groups.

2.2.2. Pulsed Laser Deposition. Films were deposited on the
treated Ti substrates at different substrate temperatures (namely:
30, 200, 400, 500, 700, and 750 °C) in a high-vacuum PLD
chamber. Depositions were performed by focusing a pulsed KrF
Lambda Physik excimer laser (λ ) 248 nm, pulse duration )
17 ns) on the sintered CHA rotating target, the rotation being
necessary to ensure homogeneous ablation of the material. The
spot energy fluence was 2 J/cm2, with a pulse repetition rate of
5 Hz; for a total of 4500 pulses, the total deposition time was
15 min. The laser beam was oriented with an inclination angle
of 45° with respect to the target, whereas substrate and target
were assembled in a frontal geometry at 4 cm of reciprocal
distance. The PLD chamber was evacuated down to a base
pressure of 1 × 10-6 mbar prior to the film deposition; then,
depositions were performed at 5 × 10-4 mbar in a controlled

dynamic pressure produced by N2 gas flow, introduced directly
into the chamber through a needle valve.

2.2.3. Scanning Electron Microscopy Analysis. Scanning
electron microscopy (a LEO 1450 Variable Pressure apparatus),
working in secondary and backscattered electron modes, was
used for morphological studies of the CHA films. The SEM
apparatus is coupled with a system for microanalysis EDXRS
INCA 300 that allows executing qualitative/quantitative analysis
of the elements starting from atomic number 5 (Boron) with
the sensitivity limit of about 0.2%. The resolution of the
apparatus in vacuum conditions is about 4 nm. Both plane and
cross-section view images of the film samples were obtained,
the latter being necessary for thickness measurements.

2.2.4. Atomic Force Microscopy Analysis. The AFM mea-
surements were performed in the noncontact mode using a
noncommercial air-operating atomic force microscope (29).
Several portions of the sample surfaces were topographically/
phase-shift reconstructed in order to evaluate the morphologi-
cal/chemical homogeneity of the depositions. Afterward, the
high definition topographic images (3 µm × 3 µm and 5 µm ×
5 µm, 800 points/line) were collected from representative
portions of the films in order to quantitatively evaluate the
surface texture and roughness.

2.2.5. Energy-Dispersive X-ray Diffraction Analysis. The
Energy Dispersive X-ray Diffraction measurements were per-
formed by a noncommercial instrument described in detail
elsewhere (30, 31). The same apparatus was used to perform
the rocking curve (RC) analysis (31) of the samples. The EDXRD
technique provides the simultaneous measure of all the RCs of
the most intense Bragg reflections for both the film and the
substrate. To fit the peaks of each pattern in order to calculate
its intensity as a function of the asymmetry parameter R, the
sum of a Gaussian and a linear function are used: the Gaussian
component takes into account the convolution of the Bragg peak
with the diffractometer transport function, whereas the linear
one, the contribution of an almost flat background and of the
smooth Compton profile. The Gaussian integral is proportional
to the peak coherently scattered intensity, which is used to
calculate the rocking curve, while its maximum indicates the
position of the Bragg peak, required to get the interplanar
spacing.

Because the X-ray diffraction provides information about the
lattice structure in the direction of the momentum transfer, the
measurement of the rocking curves of the film perpendicular
to the c-direction allows for evaluating both its degree of epitaxy
and a possible misalignment of the average orientation of its
domains with respect to the substrate domains.

2.2.6. Fourier Transform Infrared Spectroscopy Analysis.
CHA films deposited on Ti substrates were investigated by
Fourier transform infrared spectroscopy using a Bruker Hype-
rion 3000 microscope connected to a Bruker Equinox 55
interferometer. A KBr beamsplitter, a Globar source and a
mercury-cadmium-telluride detector were used with the mi-
croscope working in reflection mode at a spectral resolution of
2 cm-1. Both sample and reference spectra were collected
averaging at least 200 interferograms. The Ti substrate was used
for measuring the reference spectrum. Transmittance spectra
were calculated, and baseline correction was applied by OPUS
6.5 software. Several FTIR spectra were collected randomly
upon each film and gave reproducible results.

2.2.7. Vickers Microhardness Measurements. The micro-
hardness measurements were performed by means of a Leica
VMHT apparatus (Leica GmbH, Germany) equipped with a
standard Vickers pyramidal indenter (square-based diamond
pyramid of 136° face angle). The loading and unloading speed
was 5 × 10-6 m/s, and the time under the peak load was 15 s.
The hardness of the Ti substrate, bulk target, and films was
measured according to the procedure described in detailed in
our previous works (32, 33).

10CaO + 6(NH4)2HPO4 + (NH4)2CO3 + 4H2O f
Ca10(PO4)6-yCO3(OH)2-z + 14NH4OH;3y + z ) 2 (1)
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For film samples, the measured hardness was that of the film/
substrate composite system. To separate the composite hard-
ness of the film/substrate system (Hc) into its components, film
(Hf) and substrate (Hs), we applied a Jönsson and Hogmark
model based on area “law-of-mixtures” approach (34), taking
into account the indentation size effect (35). In this case,
composite hardness Hc is expressed as

where c = 0.5 for a brittle hard film on a more ductile substrate
(34); Hs0 and Hf0 are the intrinsic hardness of substrate and film,
respectively; t is film thickness; D is the indentation diagonal,
and Bs is the coefficient, which can be deduced from substrate
hardness measurements.

To evaluate Hs0 and Bs values, we first measured the hardness
of the Ti substrate. The relation between the measured substrate
hardness, Hs, and the reciprocal length of the indentation
imprints is expressed by the following equation (36)

The values obtained for the titanium substrate, Hs0 and the Bs

coefficient, are equal to 1.8 ( 0.1 GPa and (5.4 ( 1.0) × 10-6

GPa m, respectively.
To calculate the intrinsic hardness of films, we paid special

attention to correctly choosing the indentation depths, d ) D/7
(for Vickers pyramidal indenter), in the range where the applied
model is valid. The d/t ) D/7t range for the CHA films deposited
on Ti substrates was (0.1-3.4), perfectly in the range of the
substrate-dominated mixed region, where the film is fractured
conforming to the plastically deforming substrate (37). In this
d/t range, the results obtained using the Jönsson and Hogmark
model have been demonstrated to coincide quite well with
estimations resulting from more complicated models (37, 38).

For hardness measurements on both the CHA bulk target and
the CHA film/Ti substrate system, indentations were made
applying 7 loads ranging from 0.2 up to 9.8 N. For each sample,
approximately 10-15 indentations were made at each load.

3. RESULTS AND DISCUSSION
SEM analysis was performed to evaluate the morphology

of the prepared films. Plane view images of CHA films on Ti
substrates at different magnifications are shown in Figures
1 and 2. As one can see, the surfaces of all the films prepared
at various substrate temperatures are uniform and dense,
composed of grains and droplets up to micrometer size. The
films deposited in the range of 30-500 °C are characterized
by very similar morphology (images a and b in Figure 1),
whereas the increase in substrate temperature up to 700-750
°C leads to significant morphological changes: the film
surface becomes more compact and finely granulated (im-
ages a and b in Figure 2).

Cross-section images for film’s thickness evaluation were
obtained by tilting the samples at 45°. The thickness of films
deposited at different substrate temperature are summa-
rized in Table 1.

As the Ca/P ratio is one of the important characteristics
of calcium phosphates, EDXRS was performed for qualitative
chemical analysis of the films. The obtained results indicate
a Ca/P atomic ratio of 1.77 for the CHA target, this value
being in agreement with that obtained by chemical analysis

(1.74). For the films, the Ca/P atomic ratio is 1.81 for those
deposited at 30 °C, 2.10 for films deposited in the range of
200-700 °C, and 2.20 for films deposited at 750 °C. The
increased Ca/P ratio of films with respect to the target is
probably due to a partial loss of the lighter element, phos-
phorus, with respect to calcium during laser ablation, an
effect becoming more evident with the increase in deposi-
tion temperature.

The topography of the film surface was examined by
AFM. Several images of each film were collected. The films
deposited in the temperature range of 30-500 °C show a
quite similar surface texture. In Figure 3, image a is repre-
sentative of such morphology, characterized by large do-
mains, 500-600 nm of average height, 1-3 µm of average
lateral dimension, rms ≈ 62 nm of average roughness. It is
worth noticing that a large surface roughness does not
represent a problem for coated metallic implants in bio-
medical applications, because roughness usually ensures a
better osteointegration, as compared to smoother implants
(39).

In the case of film deposited at 700 °C, the AFM images
are remarkably different, compared to those of films depos-
ited at lower temperatures, as shown in Figure 3b. Several
images were collected from different portions of the sample
and its average roughness appeared to be always much
lower (rms ) 18 nm, see Figure 4), indicating that a higher
temperature favored growth of a smoother and a more

Hc ) Hs0 + [Bs + 2ct(Hf0 - Hs0)]/D (2)

Hs ) Hs0 + Bs/D (3)

FIGURE 1. SEM micrographs of CHA films deposited on Ti substrates
at 500 °C at (a) 1500 and (b) 10 000 magnification.
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homogeneous surface. Furthermore, along with the micro-
metric size domains, which characterize the film texture
(similarly to that of the films deposited at 30-500 °C), a
finer surface morphology is detectable, characterized by
much smaller granular structures of homogeneous spherical
shapes. Both features indicate an enhanced order of the film
surface. In Figure 3c, the AFM analysis of the CHA film
deposited at 750 °C is shown, it is clearly visible that the
surface topography still resembles that discussed in Figure
3b.

The average surface roughness deduced from the AFM
images is plotted in Figure 4, as a function of the deposition
temperature, showing the significant roughness decrease
(three times, from 62 to 18 nm) for the sample deposited at
700 °C. This result was reproduced upon several measure-
ments so that a deeper analysis of the film deposited at 700
°C was required, and as such, high-resolution images were

collected. In Figure 5, a 1 µm × 1 µm zoom is reported,
where finer features of sample morphology are better
evidenced: fine grain structure is clearly visible, together with
some large agglomerates, characterizing the surface texture,
still smooth as previously reported. The two line profiles,
parallel to the horizontal line and passing through point 1
or point 2 in Figure 5, allowed us to estimate the fine grain
dimension: 15-30 nm range of average grain height and
100-150 nm range of average lateral dimension.

The average grain height (15-30 nm) thus obtained is in
good agreement with the grain size data obtained by the
EDXRD technique. To estimate the grain size from a diffrac-
tion pattern, we used Laue equations to get the equivalent
of the Scherrer formula (which applies to the angular dis-
persive case only) valid for energy-dispersive diffraction data
analysis. The average grain size for the films deposited at
700 °C, obtained by analyzing the patterns making use of
such modified Scherrer formula (the procedure is fully
described in literature (40)), is about 25-40 nm, with this
range being dependent on the analyzed reflection. The
25-40 nm range is in agreement with the grain size
obtained by the AFM observation. Indeed, a more rigorous
comparison should be made considering only the vertical
dimension, obtained by the AFM measurements, because
this technique is affected by a poor lateral resolution. These
results are also in agreement with the SEM observations,
reporting the presence on the film surface of micrometer-
size droplets for the samples deposited in the range of
30-500 °C, and a finer granular surface morphology for the
films deposited at 700 °C.

EDXRD measurements were performed to investigate the
phase composition and structure of the deposited films. Prior
to a systematic investigation of the films, the Ti substrate
and the CHA target were examined. In the EDXRD patterns,
all the Bragg peaks corresponding to titanium (hexagonal
system, space group P63/mmc (41)) are labeled in Figure 6a,
whereas the attribution of the CHA crystalline reflections
(hexagonal system, space group P63/m (41)) is shown in
Figure 6b. In the inset of Figure 6a, an AFM image, repre-
sentative of the Ti substrate, is reported. The surface appears
to be homogeneus and quite smooth, its roughness being
about 7 nm. The AFM analysis of the CHA target was not
possible, because the sample’s roughness and the dimention
of the granular domains are too high to be evaluated by this
technique.

Figure 7 shows the diffraction patterns (shifted in inten-
sity), collected in symmetrical diffraction geometry (R) 0°),
for films deposited at different substrate temperatures. The
EDXRD patterns of the films deposited in the 30-500 °C
range (empty dots) overlap perfectly, no CHA crystalline
contribution being detectable despite the long counting time
(7200 s). As already detected by SEM and AFM analyses, the
700 °C deposited film deserves special attention. The film
appears to be crystalline, with several Bragg reflections being
detected and assigned to CHA reflections and labeled in the
graph as (1), (2), and (5): (1) (300) at q ) 2.34 Å-1, (2) (202)
at q ) 2.38 Å-1, and (5) (212) at q ) 2.74 Å-1. Two further

FIGURE 2. SEM micrographs of CHA films deposited on Ti substrates
at 700 °C at (a) 1500 and (b) 10 000 magnification.

Table 1. Thickness and Hardness of CHA Films on
Ti Substrates Deposited at Different Temperatures
deposition T (°C) thickness (µm) hardness (GPa)

30 10.0 ( 1.0 5 ( 1
200 9.0 ( 1.0 8 ( 2
400 8.0 ( 1.0 8 ( 2
500 8.0 ( 1.0 6 ( 1
700 3.8 ( 0.4 28 ( 3
750 3.8 ( 0.4 21 ( 3
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reflections, numbered (3) and (4), can univocally be at-
tributed to the HA phase (hexagonal system, space group
P63/m) (41)): (3) (152) at q ) 2.58 Å-1 and (4) (125) at q )
2.62 Å-1. The presence of other HA contributions can not
be excluded, because their q-position coincides with that of
the intense Ti substrate signals. Therefore, the results of the
EDXRD measurements suggest that the 700 °C deposition
temperature induces crystallization of the CHA material.
Moreover, with the carbonate substitution into HA of 7.6 wt
%, the peaks attibutable to the crystalline HA are registered
as well. Finally, the pattern collected upon the 750 °C
deposited film preserves some features of the 700 °C
EDXRD spectra (peak 4, Figure 7).

To further investigate the structural properties of the
crystalline film deposited at 700 °C, we performed EDXRD
rocking curve analysis. The patterns collected at different
asymmetry parameter values R are reported in Figure 8a.
Tilting the sample, the intensity of the substrate reflections

remains constant, whereas the various Bragg reflections of
the film are enhanced. A detailed RC analysis revealed that
the film shows preferential growth directions. The results are
reported in Figure 8b. From the position of the two RC peaks,
it turns out that the difference between the two orientations
is of 0.52°. Furthermore, the analysis of the RC shapes
indicates that the full width half maximum (fwhm) of the
(202) reflection is 0.82°, whereas that of the (212) reflection
is of 1.05°. These results indicate that the film is medium
textured. In agreement, SEM and AFM techniques also
evidence a smoother surface and more ordered texture for
this samples.

In the case of film deposited at 750 °C, the HA (152) and
(125) reflections are dominant, and characterized by a flat
rocking curve, indicating partial decomposition of the CHA
component, according to the FTIR results given below.

The FTIR spectra in the range of 2000-600 cm-1 of the
pure Ti substrate and of CHA films samples deposited in the
temperature range of 30-750 °C are shown in Figure 9.
Absorption peaks are detected only in the films, being the

FIGURE 3. AFM images representative of surface morphology of film deposited at (a) 400 °C, image 5 µm × 5 µm; (b) 700 °C, image 3 µm ×
3 µm; (c) 750 °C, image 3 µm × 3 µm.

FIGURE 4. Surface roughness of CHA films, deduced from AFM
measurements, as a function of deposition temperature.

FIGURE 5. High-resolution AFM image of film deposited at 700 °C.
Two profiles are shown to evidence the granular structure of the
surface.

FIGURE 6. (a) EDXRD pattern collected as a function of the scattering
parameter and (5 × 5) µm AFM image of Ti substrate. (b) EDXRD
pattern of CHA target collected as a function of the scattering
parameter. All crystalline reflections are labeled.
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Ti substrate spectrum completely flat. The broad absorption
of weak intensity at 1580 cm-1, detected only at 30 and 200
°C, is attributed to the bending mode of the H2O molecules.
The stretching mode around 3300 cm-1, not shown in Figure
9, supports such attribution. An additional feature at 1742
cm-1, observed only at 30 °C, could probably be assigned
to the CO group, coordinated by the calcium atoms of the
deposit (42). Bands at 1397 and 996 cm-1, present in the

spectra for all deposition temperatures, were confidently
assigned to the C-O and P-O double bonds of carbonate
and phosphate components of the CHA molecule, respec-
tively (43). In Figure 9, it is visible that for the 750 °C
deposited film, the intensity of the band corresponding to
the carbonate component (1397 cm-1) is much diminished
with respect to that of the 700 °C deposited sample (this is
clearly confirmed by comparing the corresponding band
areas). This experimental evidence corroborates the EDXRD
results, both indicating that at the highest temperature a
process of the CHA decomposition is present, in agreement
with the literature data (44, 45).

To examine the mechanical properties of the films,
Vickers microhardness measurements were carried out.
First, the hardness of the CHA ceramic target was measured.
The intrinsic hardness of the bulk target was found to be low,
2.7 ( 0.2 GPa, in correlation with hardness of pure HA
sintered ceramics reported in literature, 4.6 ( 0.2 GPa (46).
This is in agreement with the well-known poor mechanical
properties (high brittleness) of calcium phosphates, which
makes it impossible to use them in locations subjected to
mechanical loads.

The roughness and irregularity of the film surface are
considered to be an advantage for biomedical applications,
providing better attachment of the osteoblast cells to the
implant. However, the irregularity of a film results in a more
complicated evaluation of both the film’s thickness and
hardness. The SEM images of Vickers pyramidal imprints on
the film surface at different magnifications are shown in
images a and b in Figure 10. It should be noted, however,
that micrometer-size droplets present on the surface of the
films deposited in the range of 30-500 °C did not influence
much the hardness measurements, because the minimum
average imprint diagonal (D), about 7 µm, turned out to be
larger than the droplet diameter, 1-3 µm, even at low loads.

Calculated intrinsic hardness values for the CHA films on
Ti substrates deposited at different temperatures are sum-
marized in Table 1. As can be seen, the intrinsic hardness
of films is rather low when the temperature of deposition is
in the range of 30-500 °C. Conversely, at 700 °C the film
is very hard, exhibiting 28 GPa hardness, which is much
higher than that of the CHA bulk. The film deposited at 750
°C is still hard, although its hardness is lower than that of
the film deposited at 700 °C. Likely, the enhanced hardness
at 700 °C could be justified by a much lower film thickness
(3.8 µm) with respect to thickness of films deposited at lower
temperature (8-10 µm), but primarily by the crystalline
textured nature of the film. This result and the data obtained
by SEM, AFM, and EDXRD, indicating the formation at 700
°C of crystalline grains with nanometer size, are in full
agreement with ref 47, in which it is reported that the
transition to a nanocrystalline state is accompanied by an
increase in hardness.

For comparison, the literature (48) on crystalline calcium
phosphate coatings produced by PLD on Ti substrate shows
a very low hardness of 1.6 GPa, for 1 µm thick coating. The
hardness data we obtained in this work depositing at 700

FIGURE 7. Sequence of EDXRD patterns collected from the films
deposited at different temperatures. Empty dots are used to plot the
patterns collected from the films deposited in the 30-500 °C range.
Full triangles represent the 700 °C deposited film, the CHA/HA
crystalline reflections are labeled from 1 to 5. Full dots represent
the 750 °C deposited sample.

FIGURE 8. (a) EDXRD patterns collected upon film deposited at 700
°C film at different R values. (b) Rocking curves (dots) of CHA
reflections and Gaussian fits (lines).
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°C are three times higher than other literature data (49),
reporting 9 GPa of hardness for 3 µm thick calcium phos-
phate coatings on titanium deposited by rf-magnetron
sputtering.

4. CONCLUSIONS
Carbonated hydroxyapatite films were obtained on tita-

nium substrates by pulsed laser deposition method. The

microscopical, spectroscopical, diffractometric, and Vickers
microhardness techniques, applied for their characteriza-
tion, provided complementary and fully consistent results,
which can be summarized as follows.

The depositions in the 30-500 °C substrate temperature
range led to the formation of about 9 µm thick amorphous
films, characterized by large domains (500-600 nm of
average height, 1-3 µm of average lateral dimension, 60
nm of average roughness). At higher deposition temperature
(700 °C), 4 µm thick CHA films with a finer surface mor-
phology (15-30 nm of average grain height, 100-150 nm
of average lateral dimension, 20 nm of average roughness)
were obtained. At this temperature, the films are crystalline,
medium textured, and show privileged (202) and (212)
orientations. The rocking curve fwhm is 0.82 and 1.05° for
the (202) and the (212) reflections, respectively, with the
mismatch between the two orientations being 0.52°.

The prepared films are nearly stoichiometric: the Ca/P
atomic ratio is 1.81 for the films deposited at 30 °C, 2.10
for films deposited in the range of 200-700 °C, and 2.20
for films deposited at 750 °C.

CHA films are harder than the corresponding bulk ma-
terial. Vickers hardness is 5-8 GPa for the 8-10 µm thick
films on Ti substrates, deposited in the 30-500 °C temper-
ature range. The films deposited at 700 °C show greatly
improved mechanical properties. Indeed, the 4 µm thick
films on Ti substrates are characterized by the hardness as
high as 28 ( 3 GPa.

In conclusion, the present systematic investigation dem-
onstrates that the PLD deposition performed at 700 °C
allows to obtain CHA films fulfilling all the fundamental
characteristics required for biomedical implant application.
Indeed, the CHA materials must be thermally stable, so that
it will not lose the carbonate groups substituted into the HA
structure neither upon sintering procedure nor upon further
heat treatment. Additionally, such films exhibit other im-
portant properties, such as good crystallinity, medium de-
gree of texture, and elevated hardness.

FIGURE 9. FTIR spectra of Ti substrate and CHA films on Ti substrates deposited in the range of 30-750 °C.

FIGURE 10. SEM micrographs of imprints on CHA film surface
(deposited at 500 °C) at (a) 200 and (b) 1300 magnification.
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